One sentence summary: The effect of soil factors on severity of potato common scab differs by site, field and cultivar. Editor: Wietse de Boer
INTRODUCTION
A large proportion of the processes shaping microbial diversity in soil occur at scales that we have generally failed to address (Vos et al. 2013) . Common potato scab (CS) is a disease for which an extensive complexity of relationships between disease severity, pathogen development and environmental factors has been observed.
Potatoes require optimal levels of essential nutrients throughout the growing season and consequently resistance to diseases in potatoes is part of a delicately balanced system influenced by plant-host genetics and the environment (Huber and Haneklaus 2007) . In this respect, several studies have focused on analyzing the effect of soil macro-and micronutrients on CS severity. On the one hand, it was observed that distant regions differ more than close regions in relationships between nutrients, common scab and the presence of the thaxtomin biosynthetic gene in soil (Lazarovits et al. 2007 ). On the other hand, it was also demonstrated that rather local conditions affect common scab because fields occurring nearby differ in disease severity (Rosenzweig et al. 2012; Sagova-Mareckova et al. 2015) . Finally, various cultivars show different susceptibility to CS disease and above that affect microbial interactions in the rhizosphere (Weinert et al. 2010; Dees and Wanner 2012) .
Microorganisms add to the complexity of interactions between potatoes and CS-causing pathogens, which is best documented in disease suppressive soils. Although the exact mechanism of microbial activities in these soils has yet to be defined, it is ascribed to the capability of some microorganisms to obtain nutrient forms unavailable to plants, competition for resources and antibiotic activities occurring between rhizosphere microorganisms and pathogens (Neeno-Eckwall, Kinkel and Schottel 2001; Huber and Haneklaus 2007; Kinkel et al. 2012) .
Above that, the complexity of relationships occurring between nutrients, microorganisms and CS severity may be attributed to differences in sampling strategy in the collection of data. For CS, it was demonstrated that most of the processes important for disease expression occur in a thin layer of soil adjacent to tubers (Keinath and Loria 1989) . In this layer, exudates including cello-oligosacharides, xylans and glucans supply carbon, which modifies competition between the pathogens and other members of the microbial community (Johnson et al. 2007; Wach et al. 2007 ). Yet, many studies used bulk soil to assess the effect of nutrients on CS severity. Finally, since environmental factors including concentrations of nutrients are distributed in the landscape in patches of a specific scale affecting both plants and local microbial communities (Enwall et al. 2010; Bru et al. 2011; Ranjard et al. 2013) , the previously observed inconsistency in relationships between CS severity and environmental factors might be related rather to local random effects of soil conditions and not to the basic mechanisms of plant-pathogen interactions.
Consequently, this study focused on separating the effects of site, field and cultivar on the relationships between CS severity, quantity of the pathogen, soil and periderm actinobacteria, and soil and periderm nutrients. Microscale sampling of the thin soil layer surrounding the tubers was used to detect the processes closest to the site of the disease development. The data used for the analysis in the study were previously published in SagovaMareckova et al. (2015) . Two sites, where a field of low CS severity occurs next to a field of high CS severity, were used to ensure steep differences between the studied situations. The employed methods assessed the number of the thaxtomin biosynthetic txtB gene copies and the number of 16S rRNA gene copies for bacteria and actinobacteria in soil, and the number of actinobacterial 16S rRNA gene copies and number of txtB gene copies in the periderm by real-time PCR. The studied chemical characteristics included soil pH, C, N, S, P, Mg, Ca and Fe contents and periderm N, P, Ca, Mg and Fe contents.
The results were adjusted by subtracting the variables' means for site or field allowing for control of the confounding factors. This approach was based on the consideration that large differences between individual sites and fields cover the factors correlating with the disease for all samples. The adjustment was tested in a set of four relatively extreme situations with respect to common scab severity and its suppression; therefore the results can help in untangling complex relationships also in other areas suffering from this disease.
METHODS

Sites
Vyklantice (V) and Zdirec (Z) are sites where two fields (V L , V H , and Z L , Z H , respectively) about 100 m distant differ in common scab severity (designated L and H for low and high). The two sites have similar climatic conditions but differ in soil characteristics, while the two fields within each site are similar in geological context, soil type, climate and management (Table 1) (SagovaMareckova et al. 2015) .
Field experiment
The field experiment was conducted in 2010. The goal was to determine the effects of commonly observed environmental factors influencing CS severity but separating the influence of location, field conditions and cultivars. Potatoes were planted on 27 May and samples of bulk soil, tuberosphere soil and potatoes were collected 80 days after planting. Three cultivars susceptible to common scab (Agria, David and Valfi) were used. Susceptible cultivars were only used to see specific differences between similarly affected potatoes. The potatoes were all certified seed tubers (common scab below 5% surface). Four replicates of each cultivar were used in each field and arranged in a Latin square design (3 cultivars × 4 plots plus 4 bulk soils per field, two fields per site, i.e. a total of 64 samples).
Sampling
One potato plant growing in the center of each plot was sampled. Tuberosphere soil samples were collected no further than 3 mm from a potato tuber. A tuber was located by carefully uncovering the top soil surrounding the plant, slightly pressed to the remaining soil and taken out. The socket remaining in the soil after potato extraction was carefully scraped with a sharp spoon to collect a thin layer of soil. Soil was also collected from the tuber itself if a thin layer of soil remained attached to the tuber.
Bulk soil was collected at a distance of ca 30 cm from the closest plant within each plot using a small sterile spade. Potatoes from the central plant were collected and washed in distilled water. All collected potatoes were carefully peeled with a potato peeler taking approximately 1 mm thick periderm samples; the peels were homogenized and mixed and subsamples were taken for further analyses. Common scab severity was evaluated on 20 potato tubers per plot using a 9 degree scale (Wenzl and Demel 1967) .
Soil and potato periderm analyses
Soil chemical characteristics determined were total soil C, N, S, P, Ca, Mg and Fe content, while determined potato chemical characteristics were the periderm content of N, P, Ca, Mg and Fe. To determine total soil C, N and S content, 2 g aliquots of homogenized soil samples from both the bulk and tuberosphere were dried, milled and analyzed using a Vario MAX CNS analyzer (Elementar Analysensysteme, Hanau, Germany). To determine all other soil elements, the soil subsamples were leached with boiling nitro-hydrochloric acid (aqua regia) and assessed by optical emission spectroscopy with inductively coupled plasma (ICP-OES) at the Aquatest company (Prague, Czech Republic). The analyses of the potato periderm were performed by the service laboratory of the Institute of Botany (Trebon, Czech Republic). For total nitrogen analysis, 1-3 mg dried periderm was mineralized by a modified Kjeldahl method in H 2 SO 4 with a catalyzer at 360
• C. For total phosphorus analysis, 20 mg dried periderm was sequentially decomposed by HNO 3 and HClO 4 (Kopáček and Hejzlar 1995) . In the mineralized samples, both N and P were determined by flow injection analysis with spectrophotometric detection using an FIA Lachat QC 8500 analyzer (Lachat Instruments, Hach Company, Loveland, CO, USA). Cation contents of the periderm were determined by atomic absorption spectrometry using a ContrAA 700 AAS spectrometer (Analytik Jena, Jena, Germany) after mineralization with nitro-hydrochloric acid.
DNA extraction
Soil samples were homogenized and subsamples of 0.5 g were used for DNA extraction by method SK described by SagovaMareckova et al. (2008) . Briefly, the method is based on beadbeating and phenol-chloroform extraction followed by purification with CaCl 2 and a GeneClean Turbo kit (MP Biomedicals, Santa Ana, CA, USA). For DNA extraction from potato periderm, 3 g of periderm samples was fine cut in a sterile Petri dish and homogenized, and a 0.3 g subsample was processed in the same way as soil samples to obtain total periderm DNA.
Quantitative PCR
Biological characteristics were assessed by the quantity of bacteria, actinobacteria and the thaxtomin biosynthetic gene txtB in both soil and potato periderm. Quantifications of Bacteria were performed with primers eub338f (5 -ACTCCTACGGGAGGCAGCAG-3 ) (Lane 1991 ) and eub518r (5 -ATTACCGCGGCTGCTGG-3 ) (Muyzer, de Waal and Uitterlinden 1993 ) amplifying a 197 bp fragment of the 16S rRNA gene. The primers act235f (5 -CGCGGCCTATCAGCTTGTTG-3 ) (Stach et al. 2003 ) and eu518r yielding a 280 bp fragment of the 16S rRNA gene were used to quantify Actinobacteria. The primers StrepF (5 -GCAGGACGCTCACCAGGTAGT-3 ) and StrepR (5 -ACTTCGACACCGTTGTCCTCAA-3 ) yielding a 72 bp amplicon were used to quantify the thaxtomin biosynthetic gene txtB (Qu, Wanner and Christ 2008 The qPCR standards were prepared by cloning the fragments of the target genes using the pGEM-T Easy vector system (Promega). After PCR verification and isolation of the cloned constructs by the Pure Yield Plasmid Miniprep System (Promega), a linear standard was prepared by cleaving with SalI enzyme (New England Biolabs, UK) in a 200 μl reaction mixture containing 1× reaction buffer, 2 μg circular plasmid and 20 U restriction endonuclease for 2 h at 37
• C. The linearized plasmid DNA was purified by phenol-chloroform extraction. The aliquots of linearized and purified standard diluted to 20 ng/μl were stored at −70 • C.
Data analysis
Pearson correlation coefficients were used to test the relationships between common scab severity, and the soil and biological characteristics on adjusted data. The adjustment was based on the consideration that a strong positive correlation of two variables in the raw (unadjusted) data might be related to a particular scale (site or field). For example, observations on two variables are relatively high at one site, but at the other site are relatively low. To see if the correlation IS (or IS NOT) due to such possible site effects (field/cultivar), we adjusted the data by subtracting the corresponding group mean.
To describe the adjustment process in detail, consider for instance adjusting for the effect of site. Let X i (V) stand for e.g. soil content of Ca in the i-th measurement from the site Vyklantice and X (V) for the mean soil content of Ca in Vyklantice. Then, the adjusted value of soil content of Ca for the effect of site is calculated as X i (V) -X (V) (observed value minus the sample mean in Vyklantice). The same adjustment was performed for the observations from the Zdirec site, and for the other soil and periderm factors. Analogously, to adjust for the effect of field, the sample mean corresponding to this particular field was subtracted from the observed values for that field. In significance testing, this adjustment process was accounted for by lowering the degrees of freedom appropriately. Note that this formally corresponds to using the partial correlation coefficient (Legendre and Legendre 1998) . All statistical calculations were done in the R-computing environment (R Core Team 2015).
RESULTS
The relationships of CS severity to the chemical and biological characteristics were compared at three different levels, namely of study sites, fields and cultivars. In the analysis of samples coming from the whole region (representing all collected data), CS was significantly positively correlated to soil pH, C, N and Ca, periderm P and Fe, number of soil and periderm actinobacterial 16S rRNA gene copies (further shortened to 'quantity of acti- nobacteria') and number of soil and periderm txtB gene copies. Significant negative correlations were found between CS severity and soil S, Mg and Fe. In the analysis after adjustment by site, CS severity was significantly positively correlated to soil C, N, Ca and Fe, quantity of soil actinobacteria and number of both soil and periderm txtB gene copies. In the analysis after adjustment by field, CS severity was significantly negatively correlated only to soil S ( Table 2 ). The relationships of biological characteristics to chemical characteristics were also compared for sites and fields. In the analysis of the whole region, the number of 16S rRNA gene copies of soil bacteria (further shortened to 'quantity of bacteria') was not significantly correlated to any soil or periderm characteristics. Quantity of soil actinobacteria was significantly positively correlated to soil pH, C and Ca, and periderm P, and negatively to soil S, P and Mg. Number of soil txtB gene copies was significantly positively correlated to soil pH, C, N and Ca, and periderm P and Fe, and negatively correlated to soil S, P, Mg and Fe. Quantity of periderm actinobacteria was positively correlated to soil pH, C, N and Ca content, and periderm P, Mg, Ca and Fe content, and negatively correlated to soil S, Mg and Fe. Number of periderm txtB gene copies was significantly positively correlated to soil pH, C, N and Ca, and periderm P, Ca and Fe, and negatively correlated to soil S, Mg and Fe (Supplementary  Table S3A ). In principal component analysis (PCA), the sites were separated along axis 1, which represented 46% of the variability, while fields with low and high CS severity were separated along axis 2, which represented 17% of the variability (Fig. 1A) .
In the analysis adjusted by site, quantity of soil bacteria was significantly negatively correlated to soil P while quantity of soil actinobacteria was significantly positively correlated to soil Mg and periderm P. Number of soil txtB gene copies was positively correlated to soil C, N and Fe, and periderm Ca and Fe. Quantity of periderm actinobacteria was significantly positively correlated to soil pH, C, N, P and Ca, and periderm P, Ca, Mg and Fe, and negatively to soil S. Number of periderm txtB gene copies was significantly positively correlated to soil pH, C, N, P, Ca and Fe, and periderm P, Ca and Fe, and negatively correlated to soil S (Supplementary Table S3B ). In the PCA analysis, fields with low and high CS severity were separated along axis 1, which represented 37% of the variability and also partly along axis 2, which represented 13% of the variability. The fields with high CS severity were characterized by high nutrient contents in both the soil and periderm (Fig. 1B) .
In the analysis adjusted by field, neither quantity of soil bacteria nor quantity of actinobacteria was correlated to any characteristics. Number of soil txtB gene copies was positively correlated to soil C and N content, and both soil and periderm Fe. Quantity of periderm actinobacteria was positively correlated to periderm P, Mg and Ca. Number of periderm txtB gene copies was positively correlated to periderm P, Ca, Mg and Fe (Supplementary Table S3C ). In the PCA analysis, cultivars were separated along axis 2, which explained 18% of the variability. In particular, the cultivar Agria was separated from the Valfi and David cultivars. The cultivar Agria was characterized by a high content of periderm P, Ca, Mg and Fe, and a high quantity of periderm actinobacteria and number of txtB gene copies (Fig. 1C) .
CS severity after adjustment by cultivar was significantly positively correlated to soil pH, C and N, periderm P and Fe, soil and periderm quantity of actinobacteria, and soil and periderm number of txtB gene copies, and negatively correlated to soil S and Mg. The relationships between biological and chemical characteristics after adjustment by cultivar were significant for quantity of soil actinobacteria, which was positively correlated to soil C and Ca, and periderm P, and negatively to soil S, P and Mg, while number of soil txtB gene copies was positively correlated to soil pH, C, N and Ca, and periderm P and Fe, and negatively correlated to soil S, P, Mg and Fe. Quantity of perid- erm actinobacteria was positively correlated to soil pH, C, N and Ca, and periderm P and Fe, and negatively correlated to soil S, Mg and Fe. Number of periderm txtB gene copies was positively correlated to soil pH, C, N and Ca, and periderm P, Ca and Fe, and negatively correlated to soil S, Mg and Fe (Supplementary Table S3D ). The result of the PCA analysis was similar to that for the unadjusted data. The sites were separated along axis 1, which represented 46% of the variability while fields with high and low CS severity separated along axis 2, which explained 19% of the variability (Fig. 1D) .
DISCUSSION
This study demonstrated that relationships of common scab (CS) severity to soil and periderm chemical and biological characteristics differ at the studied level, i.e. by region, sites and fields. The relationship found for all data without adjustment (i.e. at the level of region) was a positive correlation between the number of txtB gene copies and quantity of actinobacteria in both soil and periderm. Similar results showing connection between the pathogens and virulence genes, although determined only as a positive PCR detection rather than by quantitative PCR, were found between Streptomyces spp. presence and CS severity, and a positive PCR detection of the txtA gene and CS severity in Canada (Lazarovits et al. 2007 ). Yet, after adjustment by site, CS severity and number of txtB gene copies in both soil and periderm were still correlated with many characteristics, indicating that the relationships are influenced by local conditions. This finding corresponds with previous findings of disease severity correlations to many individual soil nutrients (Lazarovits et al. 2007) , total nutrient availability (Fiers et al. 2012) or combined exchangeable cations Ca, Mg and K (Lacey and Wilson 2001) varying between locations.
CS severity remained negatively correlated only with soil S content after adjustment by field, while number of soil txtB gene copies was positively correlated only to soil C and N content and both soil and periderm Fe. Number of periderm txtB gene copies was positively correlated to a higher number of factors, namely periderm P, Ca, Mg and Fe. The reduction of correlating factors showed that after elimination of fieldspecific differences in the soil conditions, some factors remain and those may be connected to the disease-specific processes important for further study. Also, it was demonstrated that disease development is influenced by different factors from the number of txtB gene copies either in the soil or in the plant. This finding may suggest two different means of disease suppression either in natural conditions or by management practices.
Previously, soil S was also found to be related to CS severity but the mechanism was not clear because the reduction of the disease was reached in different situations. For example, elemental sulfur and ammonium sulfate significantly decreased CS and the reduction was greater in lower initial pH (Klikocka and Glowacka 2013) . In other experiments (Pavlista 2005) , scab reduction also occurred with elemental sulfur or ammonium sulfate but the results were inconsistent for reasons that were not always determined. Similarly, sulfur treatments interacted with irrigation and calcium content in the periderm in CS suppression (Davis, McDole and Callihan 1976; Lazarovits et al. 2008 ), but in another study (Klikocka et al. 2005 ) the positive effect of elemental sulfur and kieserite fertilization on resistance against S. scabiei was attributed to reduced soil pH. In this study, it was demonstrated that soil S is connected to disease but not to pathogen abundance. Also, sulfur-containing defense compounds including elemental sulfur, H 2 S, glutathione, phytochelatins, various secondary metabolites and sulfur-rich proteins are crucial for the survival of plants under biotic and abiotic stress and their formation is intimately dependent on demanddriven sulfate uptake and assimilation (Rausch and Wachter 2005) .
The correlation of number of soil txtB gene copies to soil C may be connected to the finding that the pathogens favor soil conditions of high C and N (Sagova-Mareckova et al. 2015) . However, in the past, soil organic matter content was positively correlated to CS severity in one study (Lazarovits et al. 2007 ) but organic amendments decreased disease severity in other situations (Lazarovits 2001) . The difference between the relationships of soil and periderm number of txtB gene copies may be explained by the accumulation of nutrients in plants, which may influence local concentrations and consequently pathogen population development (Dees and Wanner 2012; Krištůfek et al. 2015) . A reduction in scab severity was found associated not with reduced pathogen populations (determined by txtA gene copies), but rather with a reduction in the expression of txtA transcripts, and consequently a likely reduction in virulence (Arseneault, Goyer and Filion 2015) . This finding may also partially explain the discrepancy between pathogen abundance and disease severity.
Finally, adjustment by cultivar did not change the correlations between chemical and biological characteristics compared with the unadjusted data. This was most likely because all cultivars used in the experiment were selected to be susceptible to CS disease. The effect of plant genotype on rootassociated microbial communities has not yet been explored for plant protection (Pavlista 2005) . However, regional and seasonto-season differences in both disease severity (e.g. disease pressure) and rankings of potato cultivar susceptibility to CS were reported in North America (Haynes, Goth and Young 1997; Wanner et al. 2006) , while in another study tuber-associated bacteria were only weakly affected by plant genotype (Weinert et al. 2010) .
The results indicate that many factors associated with common scab severity are locally dependent and that different factors influence disease severity and pathogen development. In our study, the pathogen was positively influenced by soil C and N, while disease severity correlated negatively with soil S content, when local effects were eliminated by a mathematical approach. Therefore, the impact of disease may be minimized by modification of all these factors, but locally adapted strategies will most likely still be of major importance in CS disease management.
